This research applied thermally assisted magnetic recording to analyze both temperature distributions and temperature time transitions of isolated columnar structured media. It was clarified how a higher thermal resolution could be achieved using columnar structured media compared with continuous film media. With the application of a plasmon antenna, bit-patterned media achieved a writing temperature of more than 10 times higher than that of conventional media. Temperatures of adjacent columns strongly depend on the arrangement and the shape of a plasmon antenna.
Introduction
Thermally assisted magnetic recording (TAMR) is a candidate of technologies to achieve higher recording density, since it is possible to rewrite on high Ku materials by applying a magnetic field with heating at a very local area of the medium using optical near field 1)- 3) . To obtain high power by optical near field, the structure and composition of a plasmon antenna are important 4)-6) .
There are a few additional points to consider when using TAMR. First, the distance from the antenna affects the peak intensity and its full width half maximum (FWHM). We call the distance from the plasmon antenna to the medium flying height (FH). In general, with increasing FH for the continuous film, the peak intensity decreases and its FWHM broadens 7), 8) . Second, the length of the plasmon antenna and its composition especially influence plasmon resonance wavelength and optical effciency 4), 5) . Third, there is a dependence of both the intensity and FWHM on the optical spot. In our previous study, we studied TAMR using a plasmon antenna with a bit patterned media (BPM) 9) . We revealed that an optical spot less than 15 nm was achieved and its intensity was increased over 10 times by applying the BPM with TAMR.
In this paper, we studied the heat conduction analysis of magnetic recording medium in optical near-field using a plasmon antenna for TAMR by the Finite-Difference Time-Domain (FDTD) 10)-13) method and the Alternating Direction Implicit (ADI) 14) .
Electrical field distribution
Electrical field intensity (E 2 ) on the medium generated by a plasmon antenna was calculated by FDTD method. A simulation model of a plasmon antenna and recording medium to calculate distributions of their E 2 by the FDTD method and thermal analysis by ADI is shown in Fig. 1 . The FDTD and ADI minimum cell size was 1 × 1 × 1 nm. The plasmon antenna was an Au triangular bulge-shape plate. Its longitudinal length, thickness, apex radius, and apex angle were 200 nm, 35 nm, 25 nm, and 40°, respectively. A substrate of the medium was SiO2 at 1000 nm-thick, which bottom surface was set to 0°C in ADI. The media were a Co continuous-layer medium (CM) at 20 nm-thick, and isolated Co columnar grains ordered with a hexagonal close-packed bit-patterned medium (BPM). The diameter (d) and height (h) of the columns were 15 nm and 15 nm, respectively, and the inter-columnar distance (s) was 10 nm. The inter-column The distance between the light source and the plasmon antenna was 60 nm. The light source was a plane-wave source with a Gaussian distribution, which had a peak intensity of 1 V/m. The diameter of the Gaussian distribution (1/e 2 ) was set to 830 nm, which was the same value of the wavelength (λ = 830 nm). A light source beyond 2λ in diameter was excluded in simulation.
E 2 diagrams of the CM and BPM, which were observed at 1 nm above the recording medium, are shown in Fig. 2 . The E 2 peak intensity of the CM was broad and low whereas the E 2 profile of BPM showed several peaks which were enhanced at the edge of the columns. These results correspond to previous reports of the effect of medium structure on electrical intensity 15), 16) . Therefore, the BPM structure was useful to condense the electrical field to an extremely tiny area.
Temperature distribution
The temperature of the medium heated by optical near field was calculated by the ADI using the results of E 2 calculated by the FDTD method. The power of the heat source (I) was converted from E 2 using the following,
where ε0 was permittivity of vacuum, c was light velocity in vacuum, wX and wY were width of Gaussian distribution in X-and Y-coordinates, respectively. In this simulation, the heat source was set to 1 mW. The thermal physical parameters of the antenna and medium materials, such as specific heat, heat conductivity, and density are shown in Table 1 17) .
The temperature distribution of the CM and BPM after 1 ns exposure of light is shown in Fig. 3 . The initial temperature was set to 0°C. The temperature profile of the CM was broadened similar to its intensity profile, and the temperature was low across the film. This suggests that both the exposure intensity was low originally and that the thermal diffusion was rapid in the metal. On the other hand, the temperature distribution for the BPM was highly localized in the cobalt columns. The peak temperature of the BPM reached at ~140°C, which was more than 10 times higher than that for the CM. Here, the temperature was uniform within each column, because the difference of thermal conductivity between the columns and substrate was very large as shown in Table 1 . The temperature of column #1 which was located close to the apex of the antenna as a function of heating and cooling time is shown in Fig. 4 . The heating time was from 0 to 1 ns and the cooling time was 1 to 3 ns. The temperature increased up to ~140°C with an upward convex curve and decreased with a downward convex curve. The temperature had not returned to 0°C by 2 ns cooling. The cooling rate -dT/dt was 350 K/ns just after the laser stopped. High temperature in a tiny area and high cooling rate were obtained by using with BPM.
Temperature distribution change depending on
relative position between antenna and BPM
Hexagonal arrangement of columns
It is also important to analyze the temperature distribution to avoid writing on adjacent columns. A two dimensional (X-Y) temperature distribution after 1 ns exposure of a laser light was calculated and is shown in Fig. 5 . The temperature of column #1 showed the highest temperature, ~140°C. The second highest temperature for the column #2 was observed as the value of ~120°C, which corresponded to 85% of the highest temperature. Column #2 was located below the edge of the antenna.
We also investigated the temperatures of the columns as a function of the antenna position. The temperatures of three columns (#1, #2, and #3), after 1 ns exposure to a laser light, as x in X-axis are shown in Fig. 6 . The antenna apex position x = 0 means the antenna apex is located above the center of the target column #1. In the region of x > 0 in Fig. 6 , the temperature of column #1 shows the highest temerature. Temperature differences between #1 and other columns diminished as the position X decreased in the region of x < 0. The crossover point is x = -7.5 nm. The temperature of column #2, however, shows middle temperature between the temperatures of columns #1 and #3.
Generally a higher temperature difference between adjacent columns can lead to a higher margin against cross writing, although we are not sure how much temperature difference is necessary to avoid cross writing. For now in this paper, we are only focusing on the arrangement of the columns.
Dependence of the apex radius of the antenna
In order to avoid heating the adjacent columns, we investigated the temperature distribution for the smaller apex radius of the antenna, R = 5 nm, which was one fifth of the radius of the previous one. The changes of the first, second, and third highest temperatures as a function of time for antenna apex R = 5 nm is shown in Fig. 7 . It was revealed that the difference between the first and second highest temperature increased from 15% to 22% when the smaller antenna was used.
Rectangular arrangement of columns
Another calculation was done with a rectangular column array with the antenna apex radius R at 25 nm, as shown in Fig. 8 . The arrangement of columns in this model had a smaller density. Shorter and longer inter-columnar distances (s1 and s2), as shown in Fig. 8 , were 10 nm and 25 nm, respectively. The calculated distributions for the first, second, and third highest temperatures as a function of time are shown in Fig. 9 . After 1 ns heating, the second highest temperature increased to ~100°C, which was ~65% of the highest temperature. The reason why the temperature difference increased in this case can be that column #5 was not located close to the edge of the antenna.
Conclusion
We investigated the heat conduction analysis of recording media for the TAMR by the FDTD method and the ADI analysis. Compared with the continuous medium, the bit-patterned medium can achieve a smaller heated area and higher temperature, specifically 15 nm and ~140°C. The highest temperature for the BPM reached more than 10 times higher than that of the CM. In order to avoid heating the adjacent columns, both the effects of applying a smaller plasmon antenna and an arrangement of columns were investigated. When the antenna radius (R) decreased from 25 nm to 5 nm, the temperature difference between #1 and #2 became larger, from 15% to 22%. Changing the arrangement of close-packed columns from hexagonal to rectangular can also make a larger temperature difference. This difference can be caused by locating the adjacent column so that it does not overlap with the edge of the antenna. By these results, it was revealed that the shape relationship between the shape of antenna and the arrangement of columns is important to control the adjacent column temperature.
Therefore, we need to carefully combine the antenna and magnetic head to write a mark on each column, independently, by using BPM. 
